Purified dicyclohexylcarbodiimide-sensitive ATPase (TFo.FI) from thermophilic bacterium PS3 is composed of a water soluble part with ATP hydrolytic activity (TFI) and a water insoluble moiety (TFo). All of the five subunits (a, 3, 'y, 6, and e) of TF1 were isolated. TF1 was reconstituted from the five subunits, which catalyzed an ATP-32Pj exchange and an ATP-driven enhancement of fluorescence of I-anilinonaphthalene--sulfonate, when adsorbed on proteoliposome inlaid with TFo (TFo-vesicles) Subunit e and/or a became firmly bound to TF0-vesicles and there was no preferential sequence in the binding. Both subunits were required for binding of the re main'g subunits of TF1 to TFO-vesicles, but and capable of hydrolyzing ATP, but is not sensitive to inhibition by low concentrations of DCCD; and a basepiece, TFo, membrane portion (3, 9). TFo was purified from TFo-F1 and proved to be a specific proton-conducting pathway across the membrane which is blocked by either DCCD or TF1 (H. Okamoto, N. Sone, H. Hirata, M. Yoshida, and Y. Kagawa, in preparation). TF1 was isolated and crystallized (9, 10). Five distinct subunits were derived from TF1, i.e., a, 3, Ay, 6, and et with molecular weights of 56,000,53,000,32,000, 15,500, and 11,000, respectively (9).
phthalene--sulfonate, when adsorbed on proteoliposome inlaid with TFo (TFo-vesicles) Subunit e and/or a became firmly bound to TF0-vesicles and there was no preferential sequence in the binding. Both subunits were required for binding of the re main'g subunits of TF1 to TFO-vesicles, but they did not modify the high HW-permeability of TF0-vesicles. The addition of My subunit together with E and a subunits caused a marked decrease of H+-permeability of TF0-vesicles, similar to that induced by TF1. We conclude tentatively that the e and a subunits connect TFo and the other subunits forming a part of a proton pathway, 'y is a gate of proton flow coupled to ATP hydrolysis (or synthesis), and a and a subunits contain the active site for energy transformation. A possible model of subunit structure of TF1 is proposed.
Accumulating evidence has indicated that the ATPase complex in ATP synthesizing biomembranes, such as mitochondria, chloroplasts, and bacterial plasma membranes, catalyzes electrogenic translocation of protons across the membrane upon hydrolysis of ATP (1) (2) (3) (4) (5) (6) . We have purified the ATPase complex (TFo-FI) from a thermophilic bacterium PS3 with the aid of a detergent (3) . The ATP hydrolyzing activity of TFo-F, was sensitive to inhibition by N,N'-dicyclohexylcarbodiimide (DCCD), and so was similar to the ATPase complexes derived from other origins. TFo-F1 was shown to catalyze ATP-32P, exchange and form an electrochemical gradient of protons above 300 mV (vesicle rumen positive) driven by ATP when incorporated into artificial vesicular lipid membranes (3, 6) . Previously, ATP synthesis was shown to occur in phospholipid vesicles inlaid with TFo'Fi plus bacteriorhodopsin (7) and more recently we observed net synthesis of ATP catalyzed by TFo Fl, upon discharging an artificially imposed electrochemical gradient of protons across the membrane (8) . These results leave little doubt that no exogenous components other than TFo-F1 are required for proton translocation coupled to ATP hydrolysis (or and capable of hydrolyzing ATP, but is not sensitive to inhibition by low concentrations of DCCD; and a basepiece, TFo, membrane portion (3, 9) . TFo was purified from TFo-F1 and proved to be a specific proton-conducting pathway across the membrane which is blocked by either DCCD or TF1 (H. Okamoto, N. Sone, H. Hirata, M. Yoshida, and Y. Kagawa, in preparation). TF1 was isolated and crystallized (9, 10) . Five distinct subunits were derived from TF1, i.e., a, 3, Ay, 6 , and et with molecular weights of 56,000,53,000,32,000, 15,500, and 11,000, respectively (9) .
During self-assembly experiments of TF1 from its subunits (11) it was found that subunit 13 was essential for ATP hydrolytic activity, subunit Y assembled with fl subunit forming a minimum complex with ATP hydrolytic activity, and both a and e appeared to have little role in the hydrolytic activity.
It is the purpose of this report to classify these subunits according to their function with respect to the energy transformation, connecting part, and proton gate.
MATERIALS AND METHODS
Materials. The growth conditions of the thermophilic bacterium PS3, and the preparation of TF, and TFo were as described previously (9, 10) . The purification procedure of each subunit of TFi will be reported elsewhere (11) (11) .
Preparation of TFo and TFo-Vesicles. The preparation of TFo and TFo-vesicles was as described previously (10 However, the addition of either TF, or DCCD markedly decreased the proton permeation (H. Okamoto, N. Sone, H. Hirata, M. Yoshida, and Y. Kagawa, in preparation). It is interesting to know which subunit of TF1 shuts off the proton pathway. Fig. 1 shows that complete assembly (a + ,3 + y + ( + E) as well as TF1 reduced the proton permeation of TFOvesicles. Among various other assemblies of subunits examined, those lacking E and/or ( were ineffective in the reduction of proton permeability (Fig. 1) . This might be due to incorrect or decreased binding of these assemblies to TFo-vesicles as indicated in Table 1 . The presence of e or a either alone or together caused no change in proton permeation of TFo-vesicles. However, subunit y used with both e and a significantly lowered proton permeation. Subunit By by itself had no effect on proton permeation of TFo-vesicles. The binding of E and a subunit was followed by subunit y, thus sealing the proton permeation of Preparations of subunit assemblies are described under Materials and Methods. Preparation of derivatives of TFO-vesicles was as follows:
after addition of water, containing (a) none, (b) 44 ig of 6 subunit, (c) 44 ,g of e subunit, (d) 44 ,ug of 6 subunit and 44 ,g of e subunit, to 0.2 ml TFO-vesicle solutions which contained 70 ,g of TFo, each solution was incubated for 1 hr at room temperature and 2 ml of 50 mM Tris-maleate buffer (pH 7.0) containing 5 mM MgSO4 was added to each tube. After centrifugation at 140,000 X g for 15 min at 40, pellets were suspended in 0.6 ml of 50 mM Tris-maleate buffer (pH 7.0) containing 5 mM MgSO4 and five aliquots (0.1 ml) were taken out from each of four suspensions.
To the suspensions, we added 10 Ml of subunit assembly solutions (or TFI). The assembly solution added to an aliquot contained 3. (3, 6) . The question of which subunits were required for such energy coupling reaction was examined. Fig. 2 shows clearly that only those TFo-vesicles reconstituted with TF1 or the complete assembly could restore ATP-driven fluorescence enhancement of l-anilinonaphthalene-8-sulfonate, and indicates that the formation of membrane potential across membranes of vesicles occurs with 11 Mg of 6 subunit, (c) 11 Mg of E subunit, or (d) 11 Mig each of 6 and E subunit, was added. After 1 hr of incubation at room temperature, tubes (a) and (d) were placed in ice and contents of tubes (b) and (c) were washed twice by centrifugation at 140,000 X g for 15 min with 5 ml of 20 mM Tris-maleate buffer (pH 7.0) containing 2 mM MgSO4. This Tris-maleate/Mg2+ buffer was used throughout this experiment. Pellets of (b) and (c) were suspended in 0.1 ml of the buffer and we added 11 Mg of E subunit to (b) and 11 ,g of 6 subunit to (c), respectively. After a 1-hr incubation at room temperature, 1 ml of the buffer was added to tubes (b) and (c). At this time, tubes (a) and (d) were taken out of the ice bath and 1 ml of the buffer was also added. After washing -twice by centrifugation with 5 ml of the buffer, we suspended the pellets in 0.1 ml of the buffer and 10 gl of the solution containing assembly (a + , + y) (a 7.5 Mg, ,B 11Lg, -y 3.6 ,g) was added to each tube. Then the four tubes were incubated for 30 min at 350 and washed twice by centrifugation with 2 ml of the buffer. The second washing solution contained 1% sodium cholate. The resulting pellets were suspended in 1 ml of the buffer. Condition of ATPase assay was the same as described in the legend of Table 1. * Numbers in parentheses are % of residual activity in presence of DCCD.
the hydrolysis of ATP. Other assemblies without E and/or 6 subunit failed to restore the response of fluorescence. These results were essentially consistent with the ATP-32Pi exchange reaction as shown in Table 3 . TFO-vesicles could restore the ATP-32P, exchange reaction only when TF1 or the complete subunit assembly was applied, though an assembly without the a subunit had a slight activity for restoration of the exchange. Other assemblies without e and/or 6 were completely unable to restore the exchange activity, although a small but not negligible amount of them could bind to TFg-vesicles (Table 1) .
Therefore, these bindings were incorrect or nonspecific ones which were incapable of energy coupling and sealing of proton leakage (Fig. 1) . Experiments on reconstitution of energy coupling reactions suggested that all five subunits were required for energy coupling. During the past decade, the function and structure of these systems have been studied thoroughly (13) (14) (15) (16, 17) . The reconstitution of ATPase activity from sodium dodecyl sulfate or 6 M guanidine hydrochloride-treated TF, was previously reported (9) (Fig. 1) . Therefore, it is suggested that subunit c might have a gate-like (10) .
The present model is essentially in accordance with the observations reported by others: (i) Nelson et al. (21) and Futai et al. (22) reported that Escherichia coli ATPase lacking subunit ( was not capable of binding with deficient membranes. (ii) Several investigators reported the preparation of a complex containing only a and ,B subunits (23) (24) (25) . (iii) Furthermore, Bragg and Hou reported that by a chemical crosslinking reagent, the crosslinkage between subunit a and , could be obtained but neither the crosslinkage between a and a, and ,B and B, was possible (26) . (iv) Vogel and Steinhart prepared a complex of a, y, and E subunits by freezing and thawing E. coli ATPase in salt solutions (17) . Therefore, subunit E seems to be able to attach to subunit a and/or y. (v) Kozlov et al. (27) reported preparing a complex containing a, (3, and E subunits by sonication of bovine heart mitochondria in acidic medium. Therefore, the E subunit might also interact with subunit a and/or f3. Thus, the proposed model shown in Fig. 3 is compatible with all of the observations described above.
